Supplementary Table 1. IDS missense mutations associated with Hunter syndrome

. ASA’
Mutation (%) B/Ef Phen.” Structural consequences Ref.
0
L41pP 0 B M B-strand m/c torsion angles incompatible with proline geometry !
45N 23
45E 19 B catalytic core disruption: loss of acidic s/c and stabilizing H-bonding network. )
45G ’ Interference with Ca”* ion coordination. Impaired enzyme activity s
45V ’
D46A 07 B catalytic core disruption: loss of acidic s/c and stabilizing H-bonding network. p
D ’ Interference with Ca”* ion coordination. Impaired enzyme activity
RASP 176 M m/c ge9metry d|stort|onv and loss of large basic s/c together with stabilizing H-bonds in 378
proximity to the active site
Y54D 4.6 B S large uncharged s/c to smaller acidic s/c: loss of stabilising H-bond interactions °
S61P m/c geometry distortion and loss of stabilising H-bond interactions ©
S61F 0 B small polar to large polar or bulky hydrophobic s/c substitution: steric clash and loss of ’
S61Y hydrogen bonds with neighbouring backbone amide of G52 and s/c carboxyl of D65 s
N63D M/I minor conformation change, altered H-bonding by introduction of acidic s/c S
N63K 2 B impaired enzyme folding by introduction of large basic s/c and loss of H-bonding 1
network
L67P 0 B protein misfolding: disruption of alpha-helical structure by helix-breaking proline :
AGSE 6.6 B S significant (':onformatlonal change caused by introduction of large acidic s/c into 16
- hydrophobic pocket
71R S severe misfolding: introduction of large basic s/c into the hydrophobic pocket, loss of 178
0 B stabilizing interactions
71N M steric clashes and loss of stabilizing interactions *
L72pP 0.8 B m/c B-strand geometry distortion due to proline dihedral angle restraints :
L73F 33 B S structural rearrangements due to introduction of planar s/c potentially involved in pi- 2
’ stacking interaction
A77D 0 B protein misfolding: destabilisation of central B-sheet by introduction of acidic s/c in n
tightly-packed hydrophobic core
A79E 0 B M small hydrophobic s/c to large acidic s/c: steric clashes near active site area °
Q80R 11 B protein misfolding: loss of multiple H-bonds between base of a-helix and B-strand at the ’
Q80K ’ interface between the two subdomains 2
A82E significant active site distortion by introduction of large acidic s/c v
AB2V 0 B increased size of hydrophobic s/c: conformational changes in the tightly restrained »
active site area
csaw ) ) loss of catalytic nucleophile precursor within CxPSR motif: failure of formylglycine ’
c84y generation and irreversible enzyme inactivation 5
== 8,12,14,17,19,
A85T M/I/S 2
ABSD active-site conformational changes associated with hydrophobic s/c to polar or acidic s
8.7 B s/c substitution
A85S S e
A85P proline-induced m/c torsion angle changes in the active site area ®
86R S 11,26,27
86Q 13 B severe catalytic core disruption: small s/c to large s/c within highly conserved CxPSR 1
- ’ motif. Likely failure of FGE to modify C84 - FGly84
86L |/S 8,19,28-30
S87N 08 B M CxPSR core motif modification by replacement with larger s/c residue. Catalytic core 2
Ea— ’ disruption and inefficient modification of C84 - FGly84 by FGE
9,10,12,14,19,
R88H 1/S 24,2931
R88C S 9,12,17,30,32
R88P S loss of strictly conserved active site residue within CxPSR core motif. Charge 29,32
0.6 B neutralization in substrate-binding cleft. Disruption of the complex H-bonding network ,
R88L S stabilizing catalytic core. Likely failure of FGE to modify C84 > FGly84
R88G S *
R88S °
V89F 0.3 increased size of hydrophobic s/c, destabilisation or misfolding *
L92p 0.3 S proline-induced distortion of the a-helix adjacent to the active site ®




G94D
R95G
R95T
R95S

P97R

L102R
108S
108C

109C
109R

R110S

N115Y
N115I

S117Y

T118I
P120R
P120H

121R

121H
E125V
T1301

T130N

5132w
G134R
G134E

K135R

K135N

H138D
H138R
H138Y

G140V

G140R
S142F
s142y

S143F

148N
148H
148V
152N
152G

P157S

H159P

P160R
P160H
C171R
N181I
L182P

0.5

1.2

0.2

7.1

9.2

54.4

14.8

10.7

60.2

0.9

0.6

24.5

30.4

11

3.6
17.4

<

M/I/S

<L v v Z

M/I

introduction of acidic s/c close to the active site, buried steric clash

loss of large basic s/c, disruption of complex H-bonding network stabilising loop

severe misfolding: introduction of large basic s/c at the two interface between the two
subdomains

branched hydrophobic s/c to large basic s/c substitution near active site

enzyme misfolding: large polar s/c to small polar/nonpolar s/c mutation resulting in
loss of H-bond interaction stabilizing loop

loss of large hydrophobic s/c together with stabilizing H-bond

severe misfolding: buried steric clash caused by large hydrophobic s/c to large basic s/c

loss of buried stabilising H-bond network by substitution to small polar s/c, local
misfolding and displacement of glycan acceptor N115

loss of glycosylation site affecting enzyme processing and trafficking

loss of glycosylation at N115 due to corruption of N-X-S/T motif, bulky polar s/c
introduced adjacent to glycosylation site

misfolding caused by loss of H-bond interaction stabilizing loop region

severe misfolding: introduction of large basic s/c and m/c torsion angle perturbation

severe misfolding: replacement with large basic s/c accompanied by loss of m/c
carbonyl group involved in H-bonding network

solvent-exposed polar s/c to hydrophobic s/c substitution, loss of surface charge

polar s/c to nonpolar s/c substitution, loss of strong H-bond interaction

minor conformational change, polar s/c conserved. H-bonding may be preserved.
Possible hyperglycosylation by introduction of N-X-S/T consensus sequence
active site disruption by introduction of large hydrophobic s/c near K135

misfolding and active site distortion: buried steric clash caused by large basic or acidic
s/cin place of strictly conserved glycine

active site distortion: s/c substitution introduces guanidinium group adjacent to
catalytic nucleophile

catalytic core disruption: loss of stabilising electrostatic interaction with the sulfate
moiety. Impaired enzyme activity

catalytic core disruption: charge inversion or replacement with larger polar or basic s/c.

Significant active site perturbation and loss of putative acid/base involved in proton
transfer during sulfate elimination and FGly84 rehydration steps. Impaired enzyme
activity

protein misfolding: introduction of branched hydrophobic s/c in a solvent exposed area
near active site

interference with substrate binding, steric hindrance by introduction of large basic s/c

active site distortion by replacement of small polar s/c with bulky polar or hydrophobic
s/c, steric clash and loss of H-bond orienting H138

small polar s/c to bulky hydrophobic s/c, steric clash and loss of stabilizing H-bond,
possible displacement of H138

severe misfolding: loss of complex H-bond network stabilizing extended loop region

protein misfolding: disruption of strong stabilizing H-bond network

loss of correct m/c geometry in proline-rich coil, local destabilisation of extended loop
region

loss of H-bond interaction, charge neutralisation and destabilization of putative
substrate binding site

introduction of large basic s/c near active site, interference with catalysis and/or
substrate binding

severe misfolding: loss of disulfide bond forming partner, buried steric clash
minor conformational changes resulting from polar s/c to nonpolar s/c substitution

loss of m/c hydrogen-bonding donor, destabilisation of flanking active site regions

1034

19,2931

26,27

27,37

42,43




184F
184W

D187V
L196S
P197R

D198G
D198N
A205P
L221P
G224E
G224A
Y225D
K227M
K227Q
K227E
p228L
P228T
P228A
P228Q

229R

229y

229Q

1230F

P231L

R233G
K236N
L259P
Y264N
N265I
N265K
266R
266H
W267C
D269V
Q293H

K295l
§2991

S303F

S305P
D308E
D308N
D308Y
D308H
G312D
G312C
1314P
L314H

S333L

41.9

0.3

11

0.1

0.1

1.6

30.7

2.7

2.2

44.7
0.4
0.3

0.5

0.2

0.2
52.6
6.6

M/I

M/I

/s

severe misfolding: loss of disulfide bond forming partner and introduction of bulky
hydrophobic s/c, buried steric clash

loop region destabilization by replacement with hydrophobic s/c at the solvent-exposed
surface area, loss of stabilizing H-bond
minor conformational changes caused by hydrophobic s/c to polar s/c substitution

protein misfolding by introduction of large basic s/c and loss of proline-imposed
structural rigidity of a-helix primary residue

loss of acidic s/c and stabilizing H-bond interactions

proline-induced m/c structural distortion of long a-helix flanking central B-sheet
proline-induced m/c geometry restraints, destabilisation of central B-sheet

active site disruption caused by introduction of large acidic s/c or hydrophobic s/c close
to K135

replacement with smaller acidic s/c leading to loss of stabilizing interactions

misfolding caused by local charge inversion or loss of s/c e-amino group participating in
strong H-bonding

substitution of the turn-inducing proline preceding active site residue H229, protein
misfolding and catalytic core disruption

catalytic core disruption: active site perturbation and loss of putative acid/base involved
in proton transfer to the R-OH leaving group. Impaired enzyme activity

active site distortion, introduction of bulky planar s/c causes steric clash and m/c
displacement next to H229

active site distortion and local destabilisation , loss of the turn-inducing proline
downstream from catalytic H229

protein misfolding: loss of guanidium group participating in complex H-bond network
surface charge alteration, loss of basic s/c, minor conformational change
proline-induced structural rigidity in the loop region

protein misfolding caused by loss of loop-stabilizing H-bonding

substitution of polar s/c to hydrophobic or large basic s/c near K347, impaired enzyme
activity

protein misfolding: introduction of large basic s/c at the interface between the two
subdomains, destabilisation of extended loop region

loss of large s/c participating in noncovalent pi-stacking interactions
misfolding caused by loss of stabilizing H-bond interaction

introduction of weakly basic s/c

loss of surface charge and steric clash with other buried branched hydrophobic s/c
packing against central extended a-helix

central extended a-helix misfolding initiated by substitution of small polar s/c for
branching hydrophobic s/c

small polar s/c to bulky hydrophobic s/c: loss of H-bond and steric clash destabilising
central extended a-helix

severe misfolding due to m/c geometry alteration, helix-breaking proline substitution

protein misfolding: substitution of strictly conserved acidic s/c participating in strong H-
bonding network

severe misfolding: introduction of acidic s/c or free thiol group into tightly-packed
hydrophobic core surrounding central extended a-helix

a-helix m/c disruption induced by helix-breaking proline substitution

small polar s/c to hydrophobic s/c substitution, disruption of extended H-bonding
network stabilizing active site

10,18

8

H

37
10,12,19,37,46,

53,54




334G
334N
334y
334V
H335R
H335P
G336R
G336E

W337R

339R
339p
G340D
H342pP
H342Y
E341K
E344K
W345€C
W345R
A346D
A346V
K347
K347Q
K347T
K347E
Y348H
53491
S349R
350H
350
P358R

L403R

L410pP
ca22y
C422G
C422R

P423S

432y
432R

E434K

S464R

Q465P
467L
467R

R468Q

R468L
R468W
R468G
R468P

4.1

21

1.6

0.7

8.8

5.4

8.4

5.6

43

2.7

0.7

50.4

0.5

1.7

8.3

0.1

0.8

M/S
M/S

/s
M/I/S
M/I/S
M/I/S

catalytic core disruption: loss of acidic s/c and stabilizing H-bonding network.
Interference with Ca”* ion coordination. Impaired enzyme activity

catalytic core disruption: loss of basic s/c or steric clash by introduction of large
guanidinium group, interference with Ca”" ion coordination. Impaired enzyme activity

active site distortion caused by introduction of large basic or acidic s/c close to the
catalytic core, severe m/c displacement of H335

active site distortion, loss of hydrophobic core contacts and electrostatic disruption by
introducing large basic s/c next to D46, interference with Ca’ ion coordination

severe misfolding caused by steric clash following introduction of large basic s/c or
proline-imposed backbone structural rigidity

destabilization of B-hairpin motif by introduction of acidic s/c

destabilization of B-hairpin motif by m/c geometry distortion or buried steric clash, loss
of stabilising H-bond at interface between subdomains

severe misfolding: acidic s/c to long basic s/c substitution resulting in local charge
inversion and loss of strong H-bond interactions on either side of B-hairpin

loss of stabilizing pi-stacking interactions upstream of catalytic K347

active site perturbation by introduction of larger branched s/c adjacent to K347

catalytic core disruption: loss of positive charge putatively involved in stabilising
interactions with sulfate-ester bond of substrate. Impaired enzyme activity

protein misfolding due to loss of the extended H-bonding network

misfolding caused by replacement of small polar s/c with hydrophobic branched s/c or
large basic s/c

Protein misfolding: loss of stabilising H-bond at interface between two subdomains,
steric clash following introduction of basic or bulky polar s/c

protein misfolding: buried steric clash by introducing large basic s/c
misfolding and active site distortion: introduction of large basic s/c into the hydrophobic
pocket near R88 and D334

proline-induced m/c distortion of a-helix flanking central B-sheet

severe misfolding caused by loss of a disulfide bond-participating cysteine and buried
steric clash by introduced s/c, destabilisation of extended loop region

loss of proline-imposed structural rigidity of extended loop and complex H-bonding
network of arginine residue

severe misfolding caused by loss of a disulfide bond participating cysteine stabilizing
extended loop region

local charge inversion by substitution of acidic s/c to basic s/c, loss of strong H-bond
required for stabilising two loop regions

severe misfolding: buried steric clash and loss of H-bond destabilising B-sheet at
interface between the two subdomains

severe misfolding: proline-induced m/c geometry distortion

severe misfolding: m/c geometry disturbance and buried steric clash by introduction of
branched hydrophobic or large basic s/c

severe misfolding: loss of buried guanidinium group of arginine participating in multiple
strong H-bonds in core fold adjacent to the interface between the two subdomains.
Possible destabilisation of active site K347

12,19

14,24

27,37

19,32

6

3,7-9,11-
13,17,19,20,31,

32,34,61,62

7,813

3,8,10,11,17,19,

20,28,32,34,63

a8

64




469H 24 B M loop destabilization by loss of proline m/c geometry and replacement with large basic

469R s/c :
D478Y S °
DA7SG 6.8 B M protein misfolding caused by loss of the acidic s/c forming strong H-bonds required for 1
’ stabilizing loop region stretching between two B strands
D478N °
P480Q M
PASOL 03 B M loop destabilization by introduction of branched or large basic s/c in a tightly packed 1
’ hydrophobic pocket
P480R S
9,15,16
485R 0 B S protein misfolding: substitution of branched hydrophobic s/c for large basic s/c, steric
485K clash between adjacent loop regions 2 10
Ma4ssgl 0 B protein misfolding: destabilisation of tightly-packed hydrophobic core at interface ”
M488R between the two subdomains. Severe buried clash by introduction of large basic s/c 6
489D 1938
489A 0 B | protein misfolding: B-sheet destabilization by buried steric clashes between introduced o
s/c and closely packed neighbouring residues
489V s
Y90S 213 | large polar s/c to smaller s/c substitution at the interface between the two subdomains 0
’ resulting in loss of the stabilizing H-bond
protein misfolding by buried steric clash and loss of strong H-bond interactions 3043
S491F 0 B M stabilising B-sheet
RA93P 6.5 B protein misfolding: loss of multiple H-bonds stabilising interface between two s
’ subdomains, proline-imposed m/c geometry disruption of B-strand
W502C S 2,6,14,24
W5025 03 B severe misfolding due to loss of large hydrophobic s/c together with H-bond interaction 6
’ stabilising B-sheet
W502G °
V503D 0 B introduction of acidic s/c, severe disruption of B-sheet hydrophobic core °
14,17,20,24
E521V 38 B S severe B-sheet destabilization caused by loss of the acidic s/c participating in strong H-
E521K ’ S bonds formation w
L522P 0.9 B replacement with B-sheet-breaking proline residue 104750
Y523C 1.8 B M B-sheet destabilization caused by loss of H-bond interaction %

Overall 212 point mutations of 123 residues. Note that 5 mutations reported to be associated with Hunter syndrome have been omitted
on the basis that they are observed at too high frequency in the Exome Aggregation Consortium database®®: T214M",
frequency=0.005060; D252N", 0.002465; P261A'°, 0.0002623; T309A™, 0.001460; R313C*, 0.0001141

"ASA: accessible surface area: percentage of surface area of each residue that is accessible to solvent calculated with the program
GetArea.

fB/E: buried/exposed: residues are considered to be buried if ASA is less than 10% and to be solvent exposed if the ASA value
exceeds 40%.

*Phen: Hunter syndrome disease phenotype (if reported) as mild (M), intermediate (1) or severe (S)

Abbreviations: H-bond, hydrogen-bond; s/c, side chain; m/c, main chain. Residues conserved among other Human
sulfatases are underlined and IDS active site residues are italicized. Multiple mutations of the same residue are grouped by colour.

Total: 542 mutation entries, HGMD (http://www.hgmd.cf.ac.uk/ac/index.php) June 2015

Missense/nonsense: 280 entries

Splicing: 50 entries

Regulatory: 0 entries

Small deletions: 99 entries

Small insertions: 43 entries

Small indels: 11 entries (deleted/inserted bases)
Gross deletions: 40 entries

Gross insertions: 4 entries

Complex rearrangements: 15 entries

Repeat variations: 0 entries



Supplementary Fig. 1

M 0 [Urea] 2.5M
w

—IDS +glycans

— wus S —-1DS -glycans

36—

28—

b 4000 -

3500 -
3000 -

N
(3]
(=3
o

2000 +

[4MU] (nM)

0 1.0 2.0 ?:0 4.0 5-0 6-0

Time (min)
Supplementary Fig. 1. Biochemical properties of IDS protein. (a) SDS-PAGE analysis of IDS
protein deglycosylated with PNGase F (5 hr, 310 K) following partial denaturation with increasing
concentrations of urea (0, 0.05, 0.1, 0.2, 0.5, 1.0, 1.5, 2.0, 2.5M). (b) IDS activity plot showing linear
increase in product 4-methylumbelliferone (4MU) with time. Assay was performed with 13.2 nM

glycosylated IDS, 0.3 mM substrate 4-methylumbelliferyl-a-L-iduronide-2-sulfate (MU-aldoA-2S) at
pH 5.0, room temperature (293 K).



Supplementary Fig. 2

Supplementary Fig. 2. Crystal packing. Three views of the crystal packing are shown, rotated by
120 degrees around the vertical (c) axis. The unique molecule is shown in dark blue, with symmetry-
related copies in light blue, and the unit cell is outlined in yellow. Extensive contacts form filaments
of molecules along the vertical axis of the crystal, but the filaments only contact each other twice per

unit cell in each of the horizontal (a, b, a+b) directions.



Supplementary Fig. 3
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Supplementary Fig. 4

Supplementary Fig. 4. Refinement of the covalently-modified FGS84 residue. 2mFo-DF ¢ maps
are shown in blue, contoured at 0.38 ¢’ A’ ; mFo-DF ¢ difference maps are shown in red and green,
contoured at + 3.0 times the rms value of the map. (a) Maps prior to modelling FGly84 and sulfate
moiety. (b) Maps following refinement of FGH84 residue with a non-covalently bound sulfate ion as
observed in the high-resolution PAS structure, oriented and restrained with reference to the high-
resolution PAS structure . (c) Maps following refinement of FGS84, with covalently-bound sulfate.

The sulfate moiety was defined as a separate occupancy group.



Supplementary Fig. 5

Supplementary Fig. 5. Stereo image of Arg468 in electron density. The environment is shown for
Arg468, which has been identified in a number of mutations associated with Hunter syndrome cases.

The 2mF ,-DF ¢ electron density map, shown in cyan, is contoured at 0.28 ¢” A”.
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Supplementary Fig. 6

4.0 kT e} +4.0 kT ™1

Supplementary Fig. 6. IDS surface cavities away from the active site. Showing three orthogonal

views of IDS surface cavities deeper than four solvent radii. The IDS surface is coloured by
electrostatic potential at the solvent-accessible surface from red (negative, -4.0 kT e™') to blue
(positive, +4.0 kT e™). Electrostatic potential was calculated using a pH value of 4.8 when assigning

side-chain protonation.
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